The nuclear receptor coactivators participate in the transcriptional activation of specific genes by nuclear receptors. In this study, we report the isolation of a nuclear receptor coactivator-interacting protein from a human liver cDNA library by using the coactivator peroxisome proliferator-activated receptor-interacting protein (PRIP) (ASC2͞AIB3͞RAP250͞NRC͞TRBP) as bait in a yeast twohybrid screen. Human PRIP-interacting protein cDNA has an ORF of 2,556 nucleotides, encodes a protein with 852 amino acids, and contains a 9-aa VVDAFCGVG methyltransferase motif I and an invariant GXXGXXI segment found in K-homology motifs of many RNA-binding proteins. The gene encoding this protein, designated PRIP-interacting protein with methyltransferase domain (PIMT), is localized on chromosome 8q11 and spans more than 40 kb. PIMT mRNA is ubiquitously expressed, with a high level of expression in heart, skeletal muscle, kidney, liver, and placenta. Using the immunofluorescence localization method, we found that PIMT and PRIP proteins appear colocalized in the nucleus. PIMT strongly interacts with PRIP under in vitro and in vivo conditions, and the PIMT-binding site on PRIP is in the region encompassing amino acids 773-927. PIMT binds S-adenosyl-L-methionine, the methyl donor for methyltransfer reaction, and it also binds RNA, suggesting that it is a putative RNA methyltransferase. PIMT enhances the transcriptional activity of peroxisome proliferator-activated receptor ␥ and retinoid-X-receptor ␣, which is further stimulated by coexpression of PRIP, implying that PIMT is a component of nuclear receptor signal transduction apparatus acting through PRIP. Definitive identification of the specific substrate of PIMT and the role of this RNA-binding protein in transcriptional regulation remain to be determined.
T
he nuclear receptor superfamily consists of members of ligand-regulated transcriptional factors comprising receptors for steroid and thyroid hormones, vitamin D 3 , retinoic acid, and peroxisome proliferators, among others (1, 2). All nuclear receptors share a common structure with a highly conserved DNA-binding domain consisting of two zinc fingers, a Cterminal hormone-binding domain, and two transcriptional activation function (AF) domains, termed AF-1 in the N-terminal domain and AF-2 in the hormone-binding domain (3) . Transactivation of the AF-2 domain is ligand-dependent and can be blocked by the binding of antagonists. The activities of AF-1 and -2 vary depending on responsive cell types as well as a short DNA sequence, termed response element, located in the promoter regions of target genes (2, 3) .
The molecular mechanism(s) by which nuclear receptors achieve transcriptional activation in a tissue-specific fashion is not fully understood. The current models call for the participation of additional factors for modifying the chromatin structure and mediating the interaction between the activated nuclear receptor and the basal transcriptional machinery in a liganddependent fashion. During the past few years, many nuclear receptor-binding proteins have been identified (4, 5) . Most of them contain the conserved LXXLL (where L is leucine and X is any amino acid) signature motif, which mediates recognition of nuclear receptors (4) . The nuclear receptor coactivators identified to date include the well-characterized steroid receptor coactivator-1 (SRC-1) family with three members [SRC-1 (6), TIF-2 (SRC-2, GRIP1) (7), p͞CIP (ACTR, AIB1, RAC3, and SRC-3) (8 -10)], CREB-binding protein (CBP)͞p300 (11) , PPAR-binding protein (PBP) (12) , and PPAR␥ coactivator-1 (PGC-1) (13) . SRC-1 and CBP͞p300 possess intrinsic histone acetyltransferase activity and also recruit other proteins with histone acetyltransferase activity, indicating their role in chromatin modification (2, 4, 8, 14) . In addition to histone acetylation, there is emerging evidence that suggests a role for histone methylation in the regulation of nuclear receptor transcriptional activity. A protein, designated as coactivator-associated arginine methyltransferase 1 (CARM1), which associates with SRC-2, can methylate histones, and the methyltransferase activity of CARM1 appears necessary for this protein to potentiate nuclear receptor activity (15) . Furthermore, protein arginine methyltransferase 1, which shares a region of homology with CARM1, appears to enhance transcriptional activity by acting synergistically with CARM1 (16) . Recent evidence suggests that coactivator proteins form distinct coactivator complexes, such as the one anchored by CBP͞p300 that integrates the SRC-1 family of proteins and p͞CAF to carry out histone acetyltransferase reactions, and the other thyroid hormone receptor-associated protein (TRAP)͞vitamin D receptor-interacting protein (DRIP)͞activator-recruited cofactor (ARC) complex anchored by PBP (TRAP220͞DRIP205) (12, (17) (18) (19) , which links to the basal transcription machinery (4, 20) . PBP, with no histone acetyltransferase activity, serves as an anchor protein to recruit the multiprotein complex that appears to act more directly on the transcriptional apparatus, presumably after the unwinding of chromatin facilitated by the CBP͞p300 anchored multiprotein complex (4) . In agreement with the central role of CBP͞p300 and PBP in the coactivator complex configuration and in nuclear receptor-mediated transcriptional activity, knockout experiments revealed that both CBP, p300, and PBP null mutations lead to embryonic lethality (21) (22) (23) (24) (25) (26) , indicating that disruption of these pivotal anchoring coactivators affects the function of many nuclear receptors and possibly other transcription factors.
In this work, we report the cloning of a protein that binds the recently identified nuclear receptor coactivator peroxisome proliferator-activated receptor-(PPAR) interacting protein (PRIP) (ASC2͞AIB3͞RAP250͞NRC͞TRBP) (27) (28) (29) (30) (31) . We cloned PRIP by using PPAR␥ as bait in the yeast two-hybrid system (27) ; others have cloned this coactivator by using thyroid hormone receptor and retinoid-X-receptor for 9-cis-retinoic acid (RXR) (28) (29) (30) (31) . To elucidate the role of PRIP, we set out to isolate the PRIP-interacting protein(s) with a two-hybrid system. One of the proteins identified is designated PRIP-interacting protein with methyltransferase domain (PIMT); this protein is a ubiquitously expressed nuclear protein containing a methyltransferase domain. PIMT is able to enhance the transcriptional activity of PPAR␥ and RXR␣, which is further potentiated by overexpression of PRIP. We also show that PIMT binds Sadenosyl-L-methionine (AdoMet) and RNA, implying that PIMT may function as a putative RNA methyltransferase.
Materials and Methods
Plasmids. GAL4-PRIP (amino acids 773-2068), GAL4-PPAR␥, PCMV-PRIP, PCMV-PPAR␥, peroxisome proliferator response element (PPRE)-luciferase (LUC), PCMX-RXR␣, and RXRE-LUC have been described elsewhere (12, 27, 32) . PCMV-PIMT was constructed by inserting the full-length coding region of PIMT cDNA into HindIII͞XhoI site of PCDNA 3.1(ϩ) (Invitrogen). PCMV-PIMT-FLAG was made by inserting fulllength PIMT cDNA into HindIII͞BamHI site of p3XFLAG-CMV-14 (Sigma).
Isolation of Human and Mouse PIMT cDNA. A partial cDNA encoding a protein that interacts with PRIP was first isolated by yeast two-hybrid screening of a human liver cDNA library, as described previously (12, 27) . We then obtained the full-length cDNA by checking human expressed sequence tag (EST) in GenBank. The full-length cDNA we cloned has been designated PIMT to reflect its ability to bind PRIP and its putative functional domain. We then searched the mouse EST database in GenBank, by using the human PIMT cDNA sequence. Several ESTs, including ESTs covering the 5Ј and 3Ј of PIMT cDNA, were found. The primers 5Ј-GAGCCCGGATAACGAAAT-GT-3Ј and 5Ј-CTTCCTCCTGTCTCTCACTT-3Ј were synthesized on the basis of the EST sequences. The full-length mouse PIMT cDNA was amplified by using spleen mouse cDNA and sequenced.
Northern Blot Analysis and in Situ Hybridization. Human multiple tissue Northern blot (CLONTECH) containing 2 g of poly(A) RNA in each lane was probed with 32 P-labeled PIMT full-length cDNA, according to the conditions outlined by the manufacturer. For in situ hybridization, tissues were fixed in 4% paraformaldehyde at 4°C for 14-18 h, dehydrated, embedded in paraffin, and 7-m-thick sections were cut under ribonucleasefree conditions. RNA riboprobes (antisense and sense riboprobes) for PIMT were synthesized in the presence of digoxigenin-labeled UTP (Roche Diagnostics). Prehybridization, hybridization, washing, and immunological detection were performed as described (33) .
Glutathione S-Transferase (GST) Pull-Down Assays. The GST alone or GST-fusion protein, GST-PRIP (amino acids 772-1317), was expressed in Escherichia coli BL21 and bound to glutathioneSepharose-4B beads according to the manufacturer's instructions (Amersham Pharmacia). In vitro translation was performed by using rabbit reticulocyte lysate (Promega) and labeled with [ 35 S]methionine. In a GST pull-down assay, 15 l of GST fusion protein on glutathione-Sepharose beads was incubated with 5 l of [ 35 S]methionine-labeled in vitro-translated proteins for 2 h in 600 l of 20 mM Tris⅐HCl, pH 7.5͞100 mM KCl͞0.7 mM EDTA͞0.05% Nonidet P-40͞1 mM phenylmethylsulfonyl fluoride (NETN). Bound proteins were washed four times with 800 l of NETN, eluted by boiling for 2 min in 24 l of SDS loading buffer, separated by SDS͞PAGE, and autoradiographed.
Immunoprecipitation. COS-1 cells are transfected with PCMV-PIMT-FLAG by the calcium precipitation method. Twenty-four hours after transfection, the cell was harvested. The lysate was immunoprecipitated with anti-PRIP or preimmune serum. The precipitates were resolved on SDS͞PAGE and subjected to Western blot analysis by using anti-FLAG (Sigma).
Cell Culture and Transfection. CV-1 cells (1 ϫ 10 5 ) were plated in six-well plates and cultured in DMEM containing 10% FCS for 24 h before transfection. Cells were transfected for 5 h with 1.5 g of luciferase reporter plasmid DNA, 1.5 g of appropriate expression plasmid DNA, and 0.4 g of ␤-galactosidase expression vector pCMV␤ (CLONTECH) DNA by using the Lipofectamine 2000-mediated transfection method (GIBCO͞BRL). Cell extracts were prepared 24 h after transfection and assayed for luciferase and ␤-galactosidase activities (Tropix, Bedford, MA).
Immunofluorescence. COS-1 cells were transfected with PCMV-PIMT-FLAG by using Lipofectamine 2000 (GIBCO͞BRL), and 24 h after transfection, the cells were fixed in 1% formaldehyde and washed once with PBS, pH 7.4, after which autofluorescence was quenched with 50 mM ammonium chloride in PBS. Cells were washed with PBS, permeabilized with 0.5% saponin, and then blocked with 0.2% fish skin gelatin. The cells were incubated with the primary antibody anti-FLAG (Sigma) and anti-PRIP, followed by incubation with secondary antibodies. Fluorescence microscopy and digital image collection were performed by using an Olympus (New Hyde Park, NY) microscope and a photometrix cooled charge-coupled device camera driven by DELTAVISION software from Applied Precision (Seattle). RNA-Binding Gel Retardation Assay. The degenerate 32 P-labeled RNA (GGAGACCGGCCAGGAUCCAAGCUNNNNNNNN-CAUAAGGAUCCAAGCUAA) was generated by in vitro transcription (Ambion, Austin, TX). Reactions (20 l) containing 0.1 g of protein indicated, 1 g of anti-FLAG, 10,000 cpm of RNA, and 1ϫ buffer (20 mM Tris⅐HCl, pH 7.5͞150 mM NaCl͞2 mM MgCl 2 ) was assembled and incubated for 15 min on ice. The reactions were loaded on a native polyacrylamide gel (Invitrogen) running at 300 V at 4°C in 0.5ϫ TBE buffer (90 mM Tris͞64.6 mM boric acid͞2.5 mM EDTA, pH 8.3). The gels were dried and autoradiographed.
Results

Isolation of PIMT.
Using PRIP (amino acids 773-2068) as bait in a yeast two-hybrid system, we isolated from human liver cDNA library a partial cDNA encoding a PRIP-interacting protein, which was designated as PIMT. The rest of the cDNA was obtained from a human EST clone that was identified by searching for the homologous sequence in GenBank's human EST. The full-length human PIMT has an ORF of 2,556 nucleotides that encodes a protein of 852 amino acids ( Fig. 1 ) with an estimated molecular mass of 96.5 kDa. The PIMT cDNA fragment directly recovered by yeast two-hybrid screening encodes amino acids from 1 to 384. The human PIMT cDNA contains a short 5Ј (165-bp) and a long 3Ј (743-bp) untranslated region (Fig.  1) . The start of the coding sequence was defined by the first ATG downstream of an in-frame stop codon at position Ϫ150. The gene encoding human PIMT is localized on chromosome 8q11, spans more than 40 kb, and consists of more than 13 exons (data not presented). The full-length mouse PIMT cDNA we cloned is 2,648 bp in length, with an ORF of 2,559, which encodes a peptide of 853 amino acids that is 73% identical and 84% similar to the human PIMT (data not shown).
When the nucleotide-derived amino acid sequences of human and mouse PIMTs were used to search the databases, no protein that showed significant overall similarity was detected, but the carboxyl region of human PIMT from amino acids 640-852 shows 56% identity and 68% similarity of amino acids with a protein of unknown function in Caenorhabditis elegans and 35% identity and 52% similarity of amino acids with the YPL157WP of the yeast (Fig. 2) . They most likely represent homologues of human PIMT. Protein with such a high homology is not found in Drosophila. In this region, the human PIMT contains VVDAFCGVG (amino acids 693-701), which is similar to the highly conserved motif I with a consensus hh(D͞S)(L͞ P)FXGXG, where ''h'' represents a hydrophobic residue, and ''X'' represents any amino acid, found in a number of m 5 C and m 5 A methyltransferases and other enzymes that use AdoMet as substrate (34) (35) (36) (37) (38) . The C-terminal part of human PIMT also reveals regions that are similar to methyltransferase motif II, motif III, and Post 1 (Fig. 2) .
Tissue Distribution of the PIMT Transcript. Human PIMT is expressed as a 3.2-kb transcript in all tissues examined, with high levels of expression of PIMT mRNA found in heart, skeletal muscle, and kidney (Fig. 3) . By in situ hybridization, using mouse PIMT as a probe, we found the presence of PIMT transcripts in several tissues of adult mouse, including liver parenchymal cells, proximal tubular epithelium of kidney, intestinal epithelium, exocrine and endocrine pancreatic tissues, thyroid follicles, and prostate epithelium, among others (not illustrated). To localize PIMT protein, a plasmid containing three FLAG-epitopes linked to the C-terminal portion of the PIMT protein was transfected into COS-1 cells derived from African green monkey kidney (American Type Culture Collection CRL1651). Immuno- fluoresence with anti-FLAG revealed the expressed PIMT protein is localized in the nucleus (Fig. 4) . Localization of PRIP by using anti-PRIP revealed that PRIP is also localized in the nucleus and, when the images of PIMT and PRIP localization were merged, an overlapping localization of PRIP and PIMT has been noted, suggesting colocalization of these molecules in the nucleus (Fig. 4) .
Interaction of PIMT with PRIP in Vitro and in Vivo.
The direct interaction between PRIP and PIMT was further tested by using in vitro a GST-binding assay with a bacterially generated GST-PRIP fusion protein (amino acids 773-1317) and radioactively labeled in vitro-translated PIMT. As shown in Fig. 5 , PIMT specifically interacted with the immobilized GST-PRIP but not with GST. Using further truncated PRIP, we narrowed the PIMT-binding site on PRIP to a region encompassing amino acids 773-927 (Fig. 5A) . To determine whether PIMT and PRIP interact within the context of intact cells, a vector encoding human PIMT with C-terminal FLAG epitopes was transfected into COS-1 cells. The potential complex between PRIP and PIMT was immunoprecipitated by using anti-PRIP, and the product was analyzed by immunoblotting by using anti-FLAG to demonstrate PIMT in the precipitate (Fig.  5B) . The results showed that anti-PRIP precipitated PIMT but not control serum, demonstrating the existence of a PRIP and PIMT complex in vivo (Fig. 5B) . Because PRIP is able to form homodimers, we examined whether PIMT can also form homodimers. A GST pull-down assay was performed with GST-PIMT fusion protein (amino acids 326-852) and in vitro-translated [ (Fig. 5C ).
PIMT Binds AdoMet. Human PIMT contains discernible methyltransferase motifs I, II, and III, and also a conserved motif called Post 1 (Figs. 1 and 2 ). Because motif I (FXGXG) is known to interact with an adenosyl moiety of the cofactor (34, 35) , we assessed the ability of human PIMT to bind AdoMet by a filter-binding assay. The partial PIMT (amino acid residues 326-852), which contains the putative methyltransferase domain, binds AdoMet, whereas the N-terminal PIMT fragment (amino acids 1-384), which does not contain these motifs, failed to bind AdoMet (Fig. 6A) . PIMT and PRIP colocalize in the nucleus. PRIP was visualized by using conventional fluorescence microscopy (A) and by DELTAVISION deconvolution microscopy (B). By DELTAVISION microscopy, a speckled pattern of distribution of this coactivator is noted. PIMT was expressed transiently in COS-1 cells by using three FLAG epitopes linked to the C terminus of PIMT, and the FLAG epitope of PIMT was visualized by deconvolution microscopy by using anti-FLAG antibodies (C). Merging of the PIMT (D) and PRIP (D) localization images reveals overlapping localization (yellow) of these two proteins (E). In an effort to search for the potential substrate of PIMT, we examined whether PIMT can bind to RNA by using a gel-shift assay. When purified FLAG-PIMT (amino acids 1-384) was incubated with 32 P-labeled RNA produced by in vitro transcription, a PIMT-RNA complex was produced (Fig. 6B, lane 1) . The addition of anti-FLAG markedly diminished the formation of the PIMT-RNA complex; instead, antibody and PIMT-RNA formed a high molecular-weight complex, which failed to migrate into the gel (Fig. 6B, lane 2) . As a control, when purified FLAG-PRIP (amino acids 786-1132) was used in an RNA-binding assay with or without anti-FLAG, no detectable RNA binding was observed (Fig. 6B, lanes 3 and  4) . Close examination of PIMT amino acids 1-384 revealed that they contained a consensus sequence GXXGXXI (Fig. 1) , which is present in virtually all K-homology domains of RNA-binding proteins (39, 40) . A gel retardation experiment revealed that FLAG-PIMT (amino acids 1-384) was unable to bind single-and double-stranded DNA (data not shown).
PIMT Potentiates the Transcriptional Activity of PPAR␥. ⌻ determine the functional relevance of the interaction of PIMT with PRIP, we transiently overexpressed PIMT and PRIP in CV-1 cells along with PPAR␥ and monitored the transcriptional activity of PPAR␥ with expression of the PPRE-linked reporter luciferase gene. Both PIMT and PRIP, when transfected individually, consistently increased the transcription of the PPAR␥-mediated luciferase gene by about 1.6-fold in the presence of PPAR␥ ligand BRL49653 (Fig. 7A) . Cotransfection of PIMT and PRIP resulted in further enhancement of ligand-dependent reporter gene expression, indicating that PIMT synergizes PRIP action. The truncated PIMT (amino acids 1-384), without methyltransferase domains, can also enhance PPAR␥ transcriptional activity by about 1.8-fold, suggesting the methyltransferase domain is not necessary for PIMT's ability to enhance the transcriptional activity of PPAR␥ under the conditions of transient transfection. Similar results were observed with RXR␣ (Fig. 7B ).
Discussion
In a previous study, using the yeast two-hybrid system, we isolated and characterized mouse PRIP as a PPAR coactivator (27) . The cloning of this nuclear receptor coactivator from human and rat has also been reported (28) (29) (30) (31) . PRIP has been shown to interact with a variety of nuclear receptors and also CBP and is widely expressed with the highest expression in heart, ovary, testis, prostate, and skeletal muscle (27) (28) (29) (30) (31) . These observations suggested this coactivator may prove as indispensable as CBP, p300, and PBP in mediating the transcriptional activity of nuclear receptors and other transcription factors. In this study, we used a two-hybrid system with PRIP as bait and isolated PIMT, a PRIP-interacting protein, which has a methyltransferase domain. The mRNA of PIMT is ubiquitously expressed, and its protein appears colocalized in the nucleus with PRIP. It appears that both PRIP and PIMT are expressed abundantly in the same tissues and cell types, suggesting these two proteins play a synergistic function in vivo. The PIMT-binding region in PRIP (amino acids 773-927) has also been determined by using truncated portions of PRIP in GST pull-down assays; this region avidly binds PIMT. Overexpression of PIMT enhances the transcriptional activity of PPAR␥ and RXR, and this enhancement is further stimulated by overexpression of PRIP, suggesting that PIMT is a component of nuclear receptor signal transduction that acts through PRIP.
PIMT reveals the presence of an AdoMet-binding site VVDAFCGVG, which is similar to the highly conserved methylltransferase motif I with a consensus hh(D͞S)(L͞P)FXGXG, (where ''h'' represents a hydrophobic residue, and ''X '' represents any amino acid) (34, 35) . This motif is found in several methyltransferases and other enzymes that use AdoMet as substrate (34) (35) (36) . Of considerable interest is that the motif FCGVG present in PIMT corresponds to the sequence (FXGXG) found in many RNA and DNA methyltransferases (34, 35, 41) . The Phe in this motif is known to interact with the adenosyl moiety of the cofactor AdoMet (35) . In other methyltransferases, particularly in protein arginine methyltransferases, Phe is often substituted by Gly (34, 35) . The binding of AdoMet, the donor of methyl groups, to purified PIMT under in vitro conditions essentially confirms that PIMT is a putative methyltransferase, but the target of PIMT remains unknown. Although PIMT failed to methylate in vitro either histone, unlike CARM1 (15), or DNA (Y.Z., unpublished work), we found that it binds RNA. The segment of PIMT (amino acids 1-384) that binds RNA contains an invariant GXXGXXI motif present in the K-homology domains of RNA-binding proteins (39, 40) . It is estimated that the human genome contains Ϸ1,500 RNAbinding proteins, but their distribution across global, groupspecific, and type-specific classes is unknown (42) . PIMT may function as a putative RNA methyltransferase, raising the possibility that some coactivators and͞or their cofactors may influence transcription by binding and methylating RNA. PIMT shows high homology with an uncharacterized protein YPL157W (GenBank accession no. Z73513) from yeast and a functionally unknown protein (GenBank accession no. T24696) from C. elegans. They most probably represent the homologues of PIMT and should have similar substrates. The yeast strain with null mutation of YPL157W gene has been generated by the Saccharomyces Genome Deletion Project and has turned out to be viable. We have analyzed the methyl proteins in the YPL157W mutated and wild strains by in vivo labeling with S-adenosyl-L-[methyl-3 H]methionine. The methyl protein pattern in the mutated strain appeared similar to that of wild type, but we cannot rule out the possibility that the YPL157W protein methylates a less abundant protein not identified by SDS͞PAGE gel (Y.Z., unpublished work).
Methylation plays an important role in the regulation of gene expression (43, 44) . Methylation of the promoter participates in the inactivation of gene transcription, which contributes to the silencing of tumor suppressor genes in cancers, whereas methylation of sites downstream of transcriptional initiation is associated with increased transcription (41, 44) . In addition to DNA methylation, the importance of histone methylation in the transcriptional regulation is increasingly appreciated (15, 16) . Although PIMT does not methylate the histone, it could be involved in transcriptional regulation by methylating other transcriptional components. Truncated PIMT, without the methyltransferase domain, still showed its ability to enhance the transcriptional activity of PPAR␥ and RXR␣, suggesting this enzyme activity may not be crucial to transcription under transient transfection conditions. Given the oversimplified transient transfection system, the role of PIMT's methyltransferase activity in transcriptional regulation remains to be appreciated in the context of in vivo physiological condition.
